The co-occupancy of Tcf3 with Oct4, Sox2 and Nanog on embryonic stem cell (ESC) chromatin indicated that Tcf3 has been suggested to play an integral role in a poorly understood mechanism underlying Wnt-dependent stimulation of mouse ESC self-renewal of mouse ESCs. Although the conventional view of Tcf proteins as the β-catenin-binding effectors of Wnt signalling suggested Tcf3-β-catenin activation of target genes would stimulate self-renewal, here we show that an antagonistic relationship between Wnt3a and Tcf3 on gene expression regulates ESC self-renewal. Genetic ablation of Tcf3 replaced the requirement for exogenous Wnt3a or GSK3 inhibition for ESC self-renewal, demonstrating that inhibition of Tcf3 repressor is the necessary downstream effect of Wnt signalling. Interestingly, both Tcf3-β-catenin and Tcf1-β-catenin interactions contributed to Wnt stimulation of self-renewal and gene expression, and the combination of Tcf3 and Tcf1 recruited Wnt-stabilized β-catenin to Oct4 binding sites on ESC chromatin. This work elucidates the molecular link between the effects of Wnt and the regulation of the Oct4/Sox2/Nanog network.
transcription-activating complexes with DNA-binding proteins, most notably Tcf factors [15] [16] [17] . Treating cells with Wnts (ref. 18) or blocking GSK3 activity by genetic ablation 19 or small-molecule inhibitors 18, 20, 21 all effectively stimulated ESC self-renewal. Indeed, inhibition of GSK3 combined with inhibition of extracellular signal-regulated kinase (ERK) activity in so-called two-inhibitor (2i) conditions was sufficient to promote ESC self-renewal in the absence of serum and extrinsic cellular signals 20, 21 .
The role of Tcf-β-catenin complexes as downstream mediators of Wnt and GSK3 effects has been complicated by the diverse cellular activities of GSK3. As such, it is not clear what downstream effects of Wnt and GSK3 inhibition were most important for ESC self-renewal. Previously published studies suggested three intriguing hypotheses: either the effects of Wnt-stimulated β-catenin functioned primarily through Oct4-β-catenin 22 , Tcf3-β-catenin activator complexes directly stimulated self-renewal and the expression of self-renewal genes 11 , or Tcf3 transcriptional repressor activity inhibited self-renewal and was suppressed by Wnt (refs 13,23) . Here, we report findings that exclusively support the third hypothesis that the transcriptional repressor activities of Tcf3 are relevant for ESC self-renewal. Wnt3a (wingless-related MMTV integration site 3A) stimulates self-renewal by inhibiting Tcf3 repression through a mechanism involving both Tcf3-β-catenin interaction and endogenous Tcf1 protein. 
RESULTS

Activation of the Wnt pathway suppresses Tcf3 inhibition of ESC self-renewal
The ability of Wnt signalling to replace leukaemia inhibitory factor (LIF) and to support self-renewal in Tcf3 +/+ cells was confirmed by
showing that Oct4 was maintained in ESCs by adding recombinant Wnt3a to LIF-deficient cultures ( Supplementary Fig. S1a,b ). This effect required an intact Oct4/Sox2/Nanog circuit, as Wnt3a was unable to rescue LIF deficiency in cells genetically lacking Nanog ( Supplementary Fig. S1c,d ). As a similar experiment using Tcf3 −/− would not be informative because these cells self-renew in the absence of exogenous LIF (ref. 13) , we tested the possibility that inducible overexpression of Tcf3 could inhibit self-renewal 24 ( Supplementary  Fig. S2a ). If the hypothesis of a Tcf3-β-catenin transactivator complex was correct, one would expect that ectopic expression of Tcf3 would enhance ESC self-renewal on Wnt3a stimulation. Instead, a twofold increase in Tcf3 protein efficiently blocked self-renewal, as no alkaline-phosphatase-positive (AP+) ESC colonies were present four days after Tcf3 induction ( Fig. 1a ). Flow cytometry of propidiumiodide-stained cells showed a conversion from the high S-phase, ESC cell cycle profile to a G1-enriched, somatic cell cycle profile within 72 h of Tcf3 overexpression ( Fig. 1a ). Wnt3a sharply inhibited the differentiation-promoting effects of Tcf3 by restoring AP+ colonies and an ESC cell cycle profile to Tcf3-overexpressing cells in both +LIF and LIF-deficient conditions ( Fig. 1a ,b); however, colony formation of Wnt3a-treated, Tcf3-overexpressing cells was diminished relative to the non-overexpressing controls. These results best support the hypothesis that Tcf3 represses self-renewal and Wnt3a antagonizes Tcf3 repression.
Recently, Tcf-independent effects were suggested to provide a mechanism whereby inhibition of GSK3 stimulates ESC selfrenewal 21, 22 . These conclusions were based primarily on the inability of heterologously expressed Lef1 N (lymphoid enhancer binding factor 1; ref. 21) or Tcf4 N (ref. 22) proteins to rescue the differentiation defects caused by stable β-catenin. These conclusions were not consistent with the ability of Tcf3 to inhibit self-renewal when overexpressed ( Fig. 1a,b ). To determine the roles of endogenous Tcf proteins in ESCs, we carried out experiments using loss-of-function techniques. First, we investigated whether ablation of Tcf3 could replace the need to inhibit GSK3 for self-renewal in serum-free conditions 21 . After one passage in serum-free conditions, Tcf3 −/− cells generated a high percentage of AP+ colonies when only PD0325901 (ERK Inh) or both PD0325901 and CHIR99021 (2i) were added to media ( Fig. 1c ). In contrast, Tcf3 +/+ cells generated a high percentage of AP+ colonies only in 2i conditions and differentiated in ERK Inh alone conditions ( Fig. 1c ). Although both Tcf3 +/+ and Tcf3 −/− cells generated AP+ colonies in the presence of CHIR99021 alone (GSK3 Inh) for one passage (Fig. 1c ), both cell lines lost viability and differentiated in subsequent passages ( Fig. 1d ). Importantly, Tcf3 −/− cells passaged in ERK Inh conditions maintained a high level of proliferation and AP+ morphology for five passages (Fig. 1d ). Thus, ablation of Tcf3 effectively replaced the need to inhibit GSK3, indicating that antagonism of Tcf3 is a critical downstream effect of GSK3 inhibitors in 2i culture conditions.
Wnt3a antagonism of Tcf3 repression is focused on self-renewal genes
To define better how Tcf3 and Wnt signalling affected each other in ESCs, we examined gene expression in Tcf3 +/+ and Tcf3 −/− ESCs treated with recombinant Wnt3a (W) or control (C) media. Principal component (PC) analysis was used to explore correlations among microarray data sets for three biological replicates for each of the four different conditions 25 (Tcf3 +/+ (C), Tcf3 −/− (C), Tcf3 +/+ (W) and Tcf3 −/− (W); see Methods). Plotting each replicate according to its PC1 and PC2 values effectively separated each of the four conditions while grouping replicates according to their condition ( Fig. 2a ). Interestingly, Tcf3 −/− (C) and Tcf3 +/+ (W) shared similar PC2 scores, indicating that these two conditions shared a common set of variations that differed in the other conditions. Tcf3 −/− (C) and Tcf3 +/+ (W) had different PC1 scores, indicating that these two conditions differed from each other on the basis of the variations comprising PC1. Thus, Tcf3 ablation and Wnt3a treatment cause one set of common changes and one set of different changes.
As Tcf3 ablation and Wnt activation both stimulated ESC self-renewal 11, 18, 23 , common effects were likely to be mediators of self-renewal. To identify these genes, we focused on the 831 genes for which the levels of expression were significantly increased (Benjamini-Hochberg-adjusted false discovery rate < 0.05; Supplementary Fig. S3a ) in any of three comparisons: (1) increased in Tcf3 +/+ (W) versus Tcf3 +/+ (C), (2) increased in Tcf3 −/− (C) versus Tcf3 +/+ (C) and (3) increased in Tcf3 −/− (W) versus Tcf3 −/− (C) ( Supplementary Table S1 ). Each gene was given three scores corresponding to its ranked fold-increase for each of the three comparisons ( Supplementary Table S2 ). To populate a group of common changes, a gene was assigned to group 1 (red; Fig. 2b ,c) when the effect (that is, ranked fold-increase) caused by Wnt3a in Tcf3 +/+ cells (score no. 1) was closer to the effect caused by Tcf3 ablation (score no. 2) than to the effect of Wnt3a in Tcf3 −/− cells (score no. 3). For example, Tbx3 was placed in group 1 because its ranked fold-increases for comparisons 1-3 were 29|20|336, respectively; Cdx1 was placed in group 2 with ranked fold-increases of 10|257|17 ( Supplementary  Table S2 ). Carrying out this relatively simple calculation separated all genes into two strikingly distinct groups, which was evident when ranked fold-increase values were used to plot individual genes ( Fig. 2b) . For group 1 genes, Wnt3a effects on Tcf3 +/+ cells exhibited a strong correlation (Pearson correlation coefficient ρ = 0.90) when compared to effects of ablating Tcf3 (Fig. 2b , bottom left). Wnt3a had different effects on group 1 genes in Tcf3 +/+ cells when compared with Tcf3 −/− cells (ρ = −0.23; Fig. 2b , top left). In contrast, for group 2 genes (blue; Fig. 2b ,c), Wnt3a effects on Tcf3 +/+ cells exhibited a strong correlation (ρ = 0.91) when compared to Wnt3a effects on Tcf3 −/− cells ( Fig. 2b ; top right). Thus, Wnt3a stimulated one set of genes similarly to the ablation of Tcf3 (group 1), and stimulated a second set of genes regardless of the presence of Tcf3 (group 2).
When the effects of Wnt3a and Tcf3 were compared with the effects of Oct4 short hairpin RNA (shRNA; Fig. 2c ), a moderate to strong anti-correlation was observed only for group 1 genes (ρ = −0.65 for Wnt3a on Tcf3 +/+ cells, and ρ = −0.72 for Tcf3 ablation). No relationship with Oct4 was apparent for group 2 genes (ρ values from −0.40 to 0.32), or with the effects of Wnt3a on group 1 genes in the absence of Tcf3 (that is in Tcf3 −/− cells; ρ = 0.31). Thus, group 1 genes correlated well with regulation by Oct4, consistent with these genes being most relevant for self-renewal. In addition, from a separate, independently selected set of 311 genes in which expression levels were decreased by Nanog and Oct4 shRNA (ref. 4), 252 (81%) were increased in Tcf3 −/− cells when compared with Tcf3 +/+ cells. Wnt3a frequently stimulated these genes to a higher . Each point represents one of three biological replicates for each condition. (b) Each point on a graph represents one of the 831 genes for which the expression level is significantly increased in any of the three comparisons (Tcf3 −/− versus Tcf3 +/+ ; Tcf3 +/+ +Wnt3a versus Tcf3 +/+ ; or Tcf3 −/− +Wnt3a versus Tcf3 −/− ). Individual genes are listed in Supplementary Table S1 . Group 1 (red) and group 2 (blue) genes are plotted according to the rank fold-effect of Wnt3a on Tcf3 +/+ (x axis) and either effect of Wnt3a on Tcf3 −/− (top) or effect of Tcf3 ablation (bottom). Pearson correlation coefficients (top of each graph) are shown for each comparison. Calculations for the formation of groups and the determination of correlation coefficients are presented in Supplementary Table S2 . (c) Individual genes were plotted based on the rank fold-effect of Oct4 shRNA treatment 4 (x axis) and the effect of Tcf3 and/or Wnt3a (y axis). Group 1 and group 2 genes are the same as in b. Pearson correlation coefficients (top of each graph) are shown for each comparison. Calculations for the formation of groups and the determination of correlation coefficients are presented in Supplementary Table S2 . (d) Hierarchical clustering comparison of effects caused by ablation of Tcf3 and Wnt3a treatment. The heat map shows only genes for which the levels of expression were decreased by Oct4 and Nanog RNAi experiments 4 . Genes for which the levels of expression were increased in Tcf3 −/− and further increased in Tcf3 −/− +Wnt3a are highlighted with the green bar. Genes for which the levels of expression were increased by Wnt3a in a partially Tcf3-dependent manner are highlighted with the blue and orange bar. Expression values for the 311 genes are presented in Supplementary Table S3 . level ( Fig. 2d , green bar, 44% of genes) or nearly the same level ( Fig. 2d , blue bar; 12% of genes) in Tcf3 −/− cells when compared with Tcf3 +/+ cells. Wnt3a stimulation of genes rarely achieved a higher level in Tcf3 +/+ cells when compared with Tcf3 −/− cells ( Fig. 2d , orange bar, 2% of genes; Supplementary Fig. S3b ). The overlapping chromatin occupancy of Nanog and Tcf3 at common genes 10, 11 and Wnt3a/Tcf3 regulation of Nanog levels 23 (Fig. 3a,c and Supplementary Fig. S2a,b ) indicated that the Wnt3a/Tcf3 effects may occur secondarily through deregulated Nanog. We investigated this by reducing Nanog in Tcf3 +/+ cells ( Fig. 3a) and Tcf3 −/− cells (Fig. 3b ) and by increasing Nanog in Tcf3 +/+ cells (Fig. 3c ). Measuring levels of group 1 gene products in these cells indicated that Wnt3a/Tcf3 effects did not correlate with increased Nanog levels ( Fig. 3d) , indicating that increased Nanog levels did not mediate Wnt3a/Tcf3 effects on gene expression. Taken together, these data show that Tcf3 inhibits, whereas Wnt3a stimulates, a common set of genes, and these common genes are most closely related to the effects of the core Oct4/Sox2/Nanog self-renewal circuit.
We were intrigued by the observation that most Wnt3a-stimulated genes did not require Tcf3 for activation, and instead were stimulated to a higher level in the absence of Tcf3. These observations indicated that the Tcf3-β-catenin interaction may not be important for actively stimulating Nanog/Oct4/Sox2/Tcf3 co-occupied genes, as suggested previously 11 . To investigate this possibility, we sought to block the Tcf3-β-catenin interaction in ESCs. Given the differentiation-inducing effects of twofold overexpression of Tcf3 ( Fig. 1 ), we reasoned that experiments using heterologous expression of Tcf3 mutants would be prone to neomorphic effects; therefore, we engineered Tcf 3 N / N ESCs in which nine residues necessary for β-catenin binding were deleted from the endogenous Tcf3 gene product ( Supplementary  Fig. S4a,b ). When grown in self-renewal culture conditions (+LIF, +serum), Tcf 3 N / N ESCs were indistinguishable from Tcf3 +/+ cells in terms of cell proliferation, cell cycle kinetics and expression of Tcf3, Oct4 and Nanog (Supplementary Figs S4c and S5c). Interestingly, Wnt3a stimulation of AP+ colony formation was reduced, but not eliminated, in Tcf 3 N / N cells (56% for Tcf 3 N / N , compared with 77% for Tcf3 +/+ cells; Fig. 4a ) and, treating Tcf3 −/− cells with Wnt3a also stimulated AP+ colony formation (from 70% to 86%; Fig. 4a ). Similar results were obtained with experiments using serum-free, 2i conditions ( Supplementary Fig. S4d ). Moreover, ablation of the Tcf3-β-catenin interaction diminished but did not eliminate the ability of cells to activate Tcf-β-catenin-responsive promoter reporters, SuperTOPFlash, Nanog and Nr5a2 (Fig. 4b ). These data are not consistent with the hypothesis 11 suggesting a key role for Tcf3-β-catenin as an activator. Moreover, the only partial inhibition of Wnt3a effects in Tcf 3 N / N cells revealed that Wnt3a stimulation of self-renewal involves a combination of Tcf3-β-catenin dependent and Tcf3-independent mechanisms.
Wnt3a stimulation of self-renewal combines Tcf3-β-catenin and Tcf1-dependent mechanisms
The possibility that another Tcf protein could contribute Tcf3independent effects of Wnt3a was supported by several observations. First, the highly conserved high-mobility group (HMG) domain shared by Tcf proteins allows all Tcf proteins to bind to the same sequences as Tcf3 (ref. 26, 27) . The more severe phenotypes of double-mutant mouse
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Nanog-independence of Wnt3a/Tcf3-mediated effects on gene expression. (a) Tcf3 +/+ ESCs were transfected with Nanog siRNA or control (SCRM) siRNA and treated for 24 h with 50 ng ml −1 Wnt3a. Protein lysates were used for western blot analysis to detect Nanog and tubulin proteins. Identically treated cells were used for RNA isolation for the qPCR data shown in d. (b) Tcf3 −/− ESCs were stably transfected with either a Nanog shRNA or control pSuper vector. Protein lysates were used for western blot analysis to detect Nanog and tubulin proteins. Identically treated cells were used for RNA isolation for the qPCR data shown in d. (c) Tcf3 +/+ ESCs were stably transfected with a Nanog-overexpression (OE) plasmid. Protein lysates from cells grown in +LIF, self-renewal conditions were used for western blot analysis to detect Nanog and tubulin proteins. Tcf3 +/+ and Tcf3 −/− cells without the Nanog expression plasmid were included as controls. Identically treated cells were used for RNA isolation for the qPCR data shown in d. (d) qPCR analysis measuring mRNA levels of 10 group 1 genes (Fig. 2 ). The level of each gene (rows) relative to GAPDH was used to determine the fold-change effects shown in the heatmap. Raw data are shown in Supplementary Table S4 . Fold-changes are shown for each of the comparisons depicted at the top of each column, and the numbers within each rectangle equal fold-changes for each gene. Note that for most genes, knockdown of Nanog did not reduce the stimulation of gene expression caused by Wnt3a treatment or by Tcf3 ablation. In addition, overexpression of Nanog in Tcf3 +/+ cells was not sufficient to activate expression of group 1 genes as well as either Wnt3a treatment or Tcf3 ablation. Uncropped images of blots are shown in Supplementary Fig. S7 . embryos (Tcf1 −/− ;Tcf4 −/− , Tcf1 −/− ;Lef1 −/− and Tcf3cKO;Tcf4 −/− ) when compared with single mutants demonstrated that one Tcf protein can compensate for the absence of a family member and affect an overlapping set of target genes [28] [29] [30] . Finally, as the SuperTOPFlash reporter is specific for Tcf proteins 31 , reporter activation in Tcf3 −/− and Tcf 3 N / N cells showed that another endogenous Tcf protein was capable of activating target genes.
To determine which Tcf protein activated Tcf3 targets, we first measured levels of Tcf gene products in ESCs. Tcf3 messenger RNA was the most abundant family member in Tcf3 +/+ and Tcf 3 N / N cells (Fig. 5a ); Tcf1 and Tcf4 were also detected ( Fig. 5a ). Luciferase reporter assays showed that Tcf1 and Lef1 similarly activated SuperTOPFlash and Nanog promoters, whereas Tcf3 and Tcf4 both repressed the promoters in ESCs ( Fig. 5b and Supplementary Fig. S6b ). We concluded that Tcf1 was the best candidate to activate Tcf3-repressed genes in response to Wnt signalling, and proceeded to use shRNA to knockdown endogenous Tcf1 in Tcf3 +/+ , Tcf3 −/− and Tcf 3 N / N ESC lines ( Fig. 5c and Supplementary Fig. S5a ). Control cell lines harbouring a scrambled shRNA sequence (SCRM) were also generated for each Tcf3 line. In normal self-renewal conditions without activation of Wnt signalling, Tcf1 shRNA did not cause an apparent cellular defect ( Fig. 5c and Supplementary Fig. S5b,c) . In contrast, Tcf1 shRNA substantially reduced transcriptional activation by stable β-catenin in each Tcf3 +/+ , Tcf3 −/− and Tcf 3 N / N ESC line (Fig. 5d ).
Note that high promoter activity in Tcf3 −/− ESCs was consistent with Tcf3-repressor activity interfering with Tcf1-β-catenin activator activity and was not caused by an increase in endogenous Tcf1, Lef1 or β-catenin ( Fig. 5a and Supplementary Fig. S6a ). Interestingly, whereas Tcf 3 N / N ;Tcf1 shRNA and Tcf3 +/+ ;Tcf1 shRNA cells exhibited very low levels of activity, the Tcf3 −/− ;Tcf1 shRNA cells exhibited promoter activity comparable to Tcf3 +/+ ;SCRM cells. These data indicate that residual levels of Tcf1 (Fig. 5c ) and possibly endogenous Lef1 (Fig. 5a,b ) were sufficient to activate SuperTOPFlash when Tcf3 repression was eliminated by genetic ablation.
The effects of Tcf1 on Wnt-stimulated self-renewal were investigated with colony-forming assays. Without exogenous Wnt3a, Tcf1 shRNA and SCRM cell lines differentiated similarly to form primarily AP− colonies in Tcf3 +/+ and Tcf 3 N / N cells and primarily AP+ colonies in Tcf3 −/− cells (Fig. 6a ). When exogenous Wnt3a was added, Tcf1 shRNA decreased the generation of AP+ colonies by half for both Tcf3 +/+ and Tcf 3 N / N cells (Fig. 6a ). To confirm that self-renewal effects were caused by Tcf1 knockdown and not off-target effects, transfection experiments using short interfering RNA (siRNA) molecules targeting a different Tcf1 sequence were carried out; Tcf1 siRNA caused a similar 50% reduction in AP+ colonies for Tcf3 +/+ and Tcf 3 N / N cells when compared with the control ( Supplementary  Fig. S5d,e ). Considering both the clonal nature of the assay using shRNA cell lines and that 9% of Tcf 3 N / N ;Tcf1 shRNA cells plated were GFP− ( Supplementary Fig. S5a ), the observation that 14% of Tcf 3 N / N ;Tcf1 shRNA cells formed AP+ colonies indicated that Wnt3a stimulation of self-renewal primarily relies on the combination of Tcf1 and Tcf3-β-catenin interaction.
To determine whether endogenous Tcf1 was important for Wnt effects on Tcf3-regulated genes, we measured the expression of several Wnt3a-stimulated and Tcf3-repressed genes for 12 conditions (+/−Tcf1 shRNA and +/− Wnt3a treatment in each Tcf3 +/+ , Tcf3 −/− and Tcf 3 N / N ESC line). The relative expression level of each gene is shown by a heat map (Fig. 6b) ; numerical values and standard deviations are shown in Supplementary Table S5 . For previously characterized Wnt/Tcf target genes (T, Cdx1 and Axin2), Wnt3a stimulated high expression levels in Tcf3 +/+ and Tcf3 −/− cells, and much lower levels in Tcf 3 N / N cells (Fig. 6b, top) . In each Tcf3 +/+ , Tcf3 −/− and Tcf 3 N / N cell line, Tcf1 shRNA reduced the level of Wnt3a stimulation. These results were consistent with Axin2, T and Cdx1 being predominantly regulated by Tcfs and Wnt signalling in ESCs. Moreover, they showed that Tcf1 was necessary for full Wnt3astimulation of gene expression. Genetically blocking Tcf3-β-catenin interaction (in Tcf 3 N / N ESC) inhibited both Wnt3a-mediated suppression of Tcf3-repressor activity and Tcf1-activator activity. Genes previously implicated in ESC self-renewal behaved in one of three manners with respect to the 12 conditions (Fig. 6b, bottom) . First, levels of expression of Gpa33, Tcl1, Nanog, Prdm14, Jam2, Nr6a1, Nr5a2, Eomes, Kit and Tnfrsf19 were increased both by Wnt3a and by Tcf3 ablation. Tcf1 shRNA decreased the Wnt3a stimulation of these genes in each Tcf3 +/+ , Tcf3 −/− and Tcf 3 N / N cell line, demonstrating a role for Tcf1 in Wnt3a activation of gene expression. Second, expression levels of Esrrb, Tbx3, Klf4, Nodal and Nfib were increased by Tcf3 ablation, but not increased by Wnt3a. Interestingly, Tcf1 shRNA reduced the expression levels of these genes, indicating a Wnt3a-independent role for Tcf1. However, the effect of Tcf1 on expression was small and did not correspond to a cellular effect on self-renewal ( Fig. 6a ). Third, expression levels of Oct4, Sox2, Rif1 and Mycn gene products were only modestly (<1.5-fold) increased by any combination of treatments. As expected, Tcf1 shRNA did not substantially affect expression of these genes. Together, these data were consistent with Tcf3 repression of endogenous genes being inhibited by Wnt through a combination of Tcf3-β-catenin-interaction-dependent and Tcf1-dependent mechanisms, and full Wnt stimulation of genes requires both mechanisms.
Finally, to determine whether the mechanism for Wnt stimulation of self-renewal involves β-catenin recruitment to sites of Tcf3/Oct4/Sox2/Nanog co-occupancy in ESC chromatin, a series of ChIP-quantitative real-time PCR (qPCR) experiments was carried out using occupancy sites selected from previously published data sets 1, 4, [10] [11] [12] Supplementary Table S5 .
(c-e) Chromatin immunoprecipitated with antibodies against Tcf3 (c), Oct4 (d) or β-catenin (e) was measured by qPCR using primers ( Supplementary Table S5 ) specific for upstream regions of the ten genes labelled at the bottom of e. A representative graph from three biological replicates is shown for each experiment. The values represent the mean of biological duplicates, and the ends of the range bars correspond to the two individual measurements. The assays in c and d were carried out using chromatin from Tcf3 +/+ and Tcf3 −/− ESCs. The histograms show the percentage of DNA immunoprecipitated relative to the input for each cell line. The assays in e were carried out using chromatin from Tcf3 ESC lines ±Tcf1 shRNA and ±Wnt3a-conditioned media. The percentage of β-catenin immunoprecipitated was determined for control and +Wnt3a treatments, and the histogram shows the fold-increase caused by Wnt3a.
Tcf-β-catenin-responsive sites (Cdx1 and Axin2) were positive controls for Tcf3 binding 1, 32 . Tcf3 and Oct4 antibodies both enriched all common sites and the Tcf3-binding controls (Fig. 6c,d) , confirming the high level of overlapping binding discovered with ChIP-onchip and ChIP-seq techniques [10] [11] [12] . Interestingly, Oct4 levels at 8 of 10 sites were increased in Tcf3 −/− cells when compared with Tcf3 +/+ cells (Fig. 6d ). This observation provided an excellent test of the relative contributions of Oct4 and Tcf proteins in recruiting Wnt-stabilized β-catenin to target genes. If Oct4-β-catenin complexes mediate Wnt stimulation of self-renewal 22 , then the increased Oct4 occupancy should enhance β-catenin recruitment in Tcf3 −/− cells. Instead, β-catenin occupancy at common sites was reduced in Tcf3 −/− cells, and was further reduced by Tcf1 shRNA for all 10 sites (Fig. 6e ). Taken together, these ChIP data indicate that Oct4 does not directly recruit β-catenin to chromatin following Wnt stimulation. Instead they show that Tcf3-βcatenin and Tcf1-β-catenin interactions recruit Wnt-stabilized βcatenin to chromatin.
DISCUSSION
The results shown here demonstrate a critical role for Tcf proteins in regulating Wnt stimulation of ESC self-renewal. Overexpressing full-length, wild-type Tcf3 blocked ESC self-renewal ( Fig. 1a,b) , which was restored with exogenous Wnt3a (Fig. 1a,b) . Conversely, ablating Tcf3 replaced the need to inhibit GSK3 for ESC self-renewal in serum-free conditions (Fig. 1c,d) . The common effects of adding Wnt3a or ablating Tcf3 on gene expression correlated with Nanog/Oct4 regulation of genes, whereas Tcf3-independent effects of Wnt3a did not (Fig. 2) . When the Tcf3-β-catenin interaction and endogenous Tcf1 functions were genetically blocked in Tcf 3 N / N ;Tcf1 shRNA cells, Wnt3a stimulation of self-renewal and gene expression was substantially reduced (Fig. 6 ). Thus, Wnt3a stimulates self-renewal through a two-pronged mechanism of suppressing Tcf3 repression directly through Tcf3-β-catenin and indirectly through Tcf1. Interestingly, a small percentage of Tcf 3 N / N ;Tcf1 shRNA cells formed AP+ colonies when treated with Wnt3a ( Fig. 6a ). Although these colonies may have arisen from incomplete Tcf1 knockdown or activity of endogenous Lef1, the stronger effect on gene expression (Figs 5d and 6b ) when compared with colony formation (Fig. 6a) indicates the possibility of a minor role for Tcf-independent effects of Wnt3a in ESCs. It has been shown that overexpressing a NTcf4 protein could not rescue differentiation defects in GSK3 double-knockout ESCs (ref. 22) , and it was suggested that Wntstabilized β-catenin functioned primarily through Tcf-independent mechanisms. Although several studies have reported Oct4-β-catenin interactions 22, 33, 34 , and it has been proposed to provide a Tcfindependent mechanism of stimulating self-renewal 22 , ChIP-qPCR data showed that β-catenin recruitment to chromatin was dependent on Tcf3 and Tcf1 and independent of Oct4 (Fig. 6e ). Together, these observations are most consistent with Tcf-independent effects of Wnt-stabilized β-catenin playing a relatively minor role in stimulating self-renewal and working through a mechanism other than Oct4 recruiting β-catenin to the chromatin.
The role of Tcf3 as a limiter of ESC self-renewal seems to be unique among Tcf factors. Moreover, endogenous Tcf1 opposed Tcf3 repression and was necessary for the complete Wnt3a stimulation of target genes and self-renewal ( Fig. 6a,b) . In light of the need to suppress Tcf3 repression, it is interesting to consider why overexpression of NLef1 (ref. 21) , NTcf1 (ref. 22 ) and NTcf4 (ref. 22 ) each failed to rescue differentiation defects caused by β-catenin stabilization. We believe the simplest explanation is that Tcf3 possesses a biochemical activity not shared by other Tcf/Lefs, and this transcriptional repressor activity inhibits ESC self-renewal. Expression of another Tcf/Lef would effectively inhibit Tcf3 repression by competing for DNA binding through virtually identical HMG domains shared by all Tcf/Lefs (refs 26,27) . Comparing biochemical properties of Tcf/Lef proteins in ESCs has the potential to reveal a unique co-repressor that limits the activity of the self-renewal circuitry in pluripotent cells.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturecellbiology Note: Supplementary Information is available on the Nature Cell Biology website METHODS Construction of Nanog promoter reporter plasmid. Fragments of the murine Nanog promoter and 5 -UTR encompassing genomic region chr6:122652598-122657800 were amplified by PCR from a mouse genomic BAC (clone RP23-406B15, BACPAC Resources) and cloned into a pGL3b luciferase reporter vector (Promega).
Alkaline phosphatase staining assay. One-thousand ESCs were plated on each well of a gelatinized six-well plate and media were replaced daily. Colonies were stained for alkaline phosphatase activity after four days. Briefly, cells were washed once with PBS, fixed in citrate-acetate-formaldehyde (18 mM NaCitrate, 9 mM NaCl at pH 3.6, 65% acetone and 37% formaldehyde) for 45 s, washed three times with water and stained with NBT/BCIP solution (Promega). For each well, 100 random colonies were scored as AP activity positive (AP+) or negative (AP−). Experiments were carried out in duplicate and results were expressed as the range of individual counts. Microarray and data analysis. For each condition, three independent Tcf3 +/+ and Tcf3 −/− ESC cultures were treated with or without 50 ng rmWnt3A (recombinant mouse Wnt3A, #1324-WN, R&D System) for 24 h. Total RNA was extracted by Trizol reagent (Invitrogen) and purified using an RNeasy Mini Kit (Qiagen). The quality of the RNA sample was assessed by spectrophotometry (A 260 /A 280 between 1.9 and 2.1). A quantity of 10 µg (1 µg µl −1 ) of total RNA of each sample was used for microarray analysis. Labelling of the RNA, hybridization onto Affymetrix mouse GeneChip 430 2.0 microarrays (Affymetrix), and scanning of samples were carried out by the Functional Genomics Facility, University of Chicago. Raw data were normalized by quantiles and summarized by robust multi-array average. Pairwise comparisons between groups of three replicates were carried out, and the t -test was used to rank each probe set on the basis of its likely statistical significance using the Comparative Marker Selection module of GenePattern software (Broad Institute). Probe sets exhibiting a significant difference as defined by a Benjamini-Hochbergadjusted t -test P value <0.05 were used for subsequent analyses. Principal component analysis (PCA) was carried out using the PCA module of GenePattern software. All microarray data points were subjected to PCA to create a set of principal experimental components to identify relevant patterns or variations across the four conditions: Tcf3 +/+ (C), Tcf3 −/− (C), Tcf3 +/+ (W), Tcf3 −/− (W). The analysis identifies patterns by finding principal components that account for variance in data points among all samples. Each principal component thus represents a combination of gene expression values, and each principal component is mutually uncorrelated and orthogonal. The first two principal component scores (PC1 and PC2) resolved 99% of variance amongst all samples. A two-dimensional plot of PC1 and PC2 was generated using the PCAviewer module of GenePattern.
qPCR Total RNA was isolated with TRIZOL reagent (Invitrogen), and 3.0 µg total RNA of each sample was used as a template for complementary DNA synthesis. Reverse transcription was carried out with oligo-dT primers (0.5 mg ml −1 ) using a SuperScript III First-Strand cDNA Synthesis kit (Invitrogen). Quantitative real-time PCR reactions were carried out with the iTaq SYBR Green Supermix (BioRad) and iCycler apparatus (BioRad). Amplification was achieved by the following protocol: 1 × 95 • C for 2 min; 40 × 95 • C for 30 s; 60 • C for 30 s. To identify potential amplification of contaminating genomic DNA, control reactions using mock cDNA preparations lacking reverse transcriptase were run in parallel for each analysis. To ensure specificity of PCR, melt-curve analyses were carried out at the end of all PCR reactions. The relative amount of target cDNA was determined from the appropriate standard curve and divided by the amount of GAPDH cDNA present in each sample for normalization. All PCRs had an efficiency of 85% or higher. Each sample was analysed in duplicate, and the results were expressed as s.e.m. ± standard deviations. Primer sequences used for qPCR are specified in Supplementary Table S5 .
Manipulation of Nanog expression in ESC
Transient knockdown of Nanog expression in wild-type ESCs was achieved as previously described by transfection of siRNA targeting Nanog or SCRM siRNA (ref. 23) . At 12 h post-siRNA-transfection, cells were treated with or without 50 ng ml −1 Wnt3a for 24 h. Overexpression of Nanog in Tcf3 +/+ ESC was achieved by transfection of the ppyCag-Nanog-IP expression vector 8 or empty ppyCagIP vector control and G418 selection for transfectants. Nanog knockdown in Tcf3 −/− ESCs was carried out by stable integration of a pSuper shRNA vector (OligoEngine) designed with a target sequence directed to the Nanog transcript (5 -GAGACAGTGAGGTGCATAT-3 ) as previously described 35 or empty pSuper vector control. The pSuper vectors were linearized and electroporated for stable insertion into the genome. After puromycin selection, colonies were picked and clonally expanded to generate individual cell lines. RNA isolation and quantitative real-time PCR were carried out as described above. Verification of Nanog knockdown or overexpression was carried out by SDS-PAGE and western blotting with Nanog-specific antibodies (Bethyl Labs A300-397A, CosmoBio RCAB0002P-F, and Abcam ab21603) and by quantitative real-time PCR.
Luciferase reporter assay. Cells were plated 24 h before transfection on gelatinized 24-well plates at a density of 1×10 5 cells ml −1 . Transient transfection of DNA vectors was conducted using Lipofectamine 2000 (Invitrogen) following the manufacturer's protocol. At 24 h post-transfection, cells were lysed using 1× passive lysis buffer (Promega). Luciferase activities were measured by a Clarity luminometer (Bio-Tek) with a Dual-luciferase reporter assay system (Promega). Each transfection was carried out in duplicate. Relative activity was calculated as the ratio of the reporter plasmid Firefly luciferase activity to Renilla luciferase activity (pRL-CMV), which was co-transfected as a control.
Lentivirus particle generation and lentivirus-mediated shRNA gene knockdown. The Tcf1 shRNA sequence was subcloned into lentiviral vector pLVTHM. Lentiviruses were produced following previously established procedures. Briefly, 293T cells were plated three days before transfection. Tcf1 shRNA pLVTHM plasmids were mixed with envelope plasmids (pMD2G) and packaging plasmids (psPAX2) in a desired ratio and transfected into 293T cells by calcium phosphate. At 14-16 h post-transfection, the media were replaced by fresh media and supernatants containing lentivirus were collected 12 h later. Supernatants can be collected three times every 12 h. Titres of virus were determined using 293T and ESC cells by FACS analysis for the percentage of GFP-expressing cells. Three targeting sequences for Tcf1 were used to generate shRNA lentivirus (no. Chromatin immunoprecipitation (ChIP). Approximately 2 × 10 7 ESCs were cultured and processed for each ChIP experiment. Cells were chemically crosslinked by the addition of one-tenth volume of fresh formaldehyde solution (11% formaldehyde, 0.1 M NaCl, 1 mM EDTA, 0.5 mM EGTA, 50 mM HEPES at pH 8) for either 10 min at room temperature (Tcf3) or overnight at 4 • C (Oct4, β-catenin). The reaction was inactivated by the addition of 2.5 M glycine (0.125 M final concentration) and incubated at room temperature for 10 min. Cells were rinsed twice with cold 1x PBS, collected using a silicon scraper and flash frozen in liquid nitrogen. Cells were stored at −80 • C until the day of use.
Cells were resuspended in lysis buffer LB1 containing protease inhibitors (50 mM HEPES at pH 7.7, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40 and 0.25% Triton X-100), incubated for 10 min on ice and centrifuged at 4 • C for 10 min at 1,260g . The cell pellet was resuspended in LB2 (200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA and 10 mM Tris at pH 7.5), incubated for 10 min on ice and centrifuged at 4 • C for 10 min at 1,260g . Finally, the cell pellet was resuspend in sonication buffer LB3 (1 mM EDTA, 0.5 mM EGTA, 10 mM Tris at pH 7.5, 100 mM NaCl and 0.1% Na-deoxycholate) and sonicated to solubilize and shear crosslinked DNA. Sonication was carried out using a Branson sonicator for 20 × 30 s pulses (60 s pause between pulses) at a 60% amplitude. Triton X-100 was added to the lysates after sonication to a final concentration of 1%. Cellular debris was removed by centrifugation. Samples were kept on ice at all times.
The resulting chromatin extract containing DNA fragments with an average size of 500 bp was immunoprecipitated overnight at 4 • C using magnetic beads (Protein G Dynabeads, Invitrogen) that had been pre-incubated with 5 µg of the appropriate antibody. The antibodies used for immunoprecipitation were Tcf3 (Merrill Lab), Oct4 (Santa Cruz sc8628) and β-catenin (Invitrogen 71-2700). Beads were washed three times with RIPA (radioimmunoprecipitation assay) ChIP buffer (50 mM HEPES, 1 mM EDTA, 0.7% Na-deoxycholate, 1% NP-40 and 0.5 M LiCl) and once with Tris-buffered saline (TBS; 50 mM Tris and 150 mM NaCl at pH 7.6). Bound complexes were eluted from the beads by heating at 65 • C with occasional vortexing, Fig. 6b  (bottom) . Several genes were represented by multiple microarray probesets; each column for the microarray (top) represents a single probeset whereas a single qPCR values (bottom) is shown for each gene. Expression levels for each gene are relative to the level in Tcf3+/+ (C) , which was set to 1.0. (b) The relative increase by Wnt3a in Tcf3+/+ and Tcf3-/-cells was compared for each gene shown in Fig 6b. Each bar represents the ratio of mRNA level in Tcf3+/+ (W) divided by mRNA level in Tcf3-/-(W). Genes that were increased by Wnt3a to a higher level in Tcf3-/-cells than in Tcf3+/+ cells have a value < 1.0 (red area). Genes that were increased by Wnt3a to a higher level in the presence of Tcf3 have a value > 1.0 (blue area). Note genes to the right of the green bar were chosen for analysis based on their status as Tcf-β-catenin target genes, and genes to the left of the green bar were chosen based on relevance to ES cell self renewal. Most of the self renewal genes were increased to a higher level by Wnt3a in Tcf3-/-cells than in Tcf3+/+ cells. (a) Relative expression values are shown for 16 genes with statistically significant changes detected by microarray analysis for Fig. 2 (top )that were also analyzed by qPCR for Fig. 6b (bottom) . Several genes were represented by multiple microarray probesets; each column for the microarray (top) represents a single probeset whereas a single qPCR values (bottom) is shown for each gene. Expression levels for each gene are relative to the level in Tcf3+/+ (C) , which was set to 1.0.
Supplementary Figure S3
(b) The relative increase by Wnt3a in Tcf3+/+ and Tcf3-/-cells was compared for each gene shown in Fig 6b. Each bar represents the ratio of mRNA level in Tcf3+/+ (W) divided by mRNA level in Tcf3-/-(W). Genes that were increased by Wnt3a to a higher level in Tcf3-/-cells than in Tcf3+/+ cells have a value < 1.0 (red area). Genes that were increased by Wnt3a to a higher level in the presence of Tcf3 have a value > 1.0 (blue area). Note genes to the right of the green bar were chosen for analysis based on their status as Tcf-β-catenin target genes, and genes to the left of the green bar were chosen based on
